We demonstrate magnetic field control of surface plasmon excitations in noble-metal/ferromagnetic/noble metal trilayers, analogous to the effects previously observed in semiconductor structures. We show that the coupling of an external magnetic field to the surface plasmon-polariton wave vector is greatly enhanced in the metallic structure due to the ferromagnetic nature of one of its constituents. The observed coupling could be used to modulate the surface plasmon response in ultrasensitive spectroscopic applications. DOI: 10.1103/PhysRevB.76.153402 PACS number͑s͒: 78.20.Ls, 73.20.Mf, 78.66.Bz, 42.25.Bs Surface plasmon-polariton ͑SPP͒ modes are electromagnetic excitations localized at the interface between two media, one with positive and the other with negative dielectric constant. These modes may appear at the interface between a degenerate semiconductor and a dielectric or between a metal and a dielectric. In the former case, due to the low value of the plasma frequency of the semiconductor, the frequencies of the SPPs are restricted to the far infrared range, whereas in the second case the SPP modes can have frequencies varying from the far infrared to the visible range. The propagation characteristics of the SPPs and their EM field distribution depend strongly on the optical properties and interface morphology of the system. This dependence has been exploited in different optical contexts such as light guiding at the subwavelength scale, 1-3 optical switching, 4 biochemical sensing, 5 or nanometer resolved far-field optical microscopy. 6 To date SPPs are commonly considered as passive, i.e., insensitive to the magnetic field and just depending on the optical and geometrical properties of the system. In this work we demonstrate the control of SPP excitations in metallic trilayer structures by means of an external magnetic field. We show that the coupling of the magnetic field to the wave vector of the plasmon is greatly enhanced by the ferromagnetic nature of the trilayer structure. This effect was first studied theoretically in semiconductor-based SPPs 7-9 and in metals. 10 The effect of the magnetic field on the properties of the SPP modes depends on the relative orientation of the applied magnetic field with respect to the wave vector of the SPP. In particular, we will show that when the magnetic field is applied perpendicular to the direction of propagation of the SPP and parallel to the interface, it modifies the dispersion relation of the SPP mode in such a way that the dispersion relation depends on the k direction ͓i.e., w͑k͒ w͑−k͔͒. Experimentally this magnetic field induced nonreciprocity has been observed on semiconductor-based SPPs, 11 but not yet in metallic systems. This is due to the high magnetic field needed to observe magnetic field induced effects on metallic based SPPs.
Surface plasmon-polariton ͑SPP͒ modes are electromagnetic excitations localized at the interface between two media, one with positive and the other with negative dielectric constant. These modes may appear at the interface between a degenerate semiconductor and a dielectric or between a metal and a dielectric. In the former case, due to the low value of the plasma frequency of the semiconductor, the frequencies of the SPPs are restricted to the far infrared range, whereas in the second case the SPP modes can have frequencies varying from the far infrared to the visible range. The propagation characteristics of the SPPs and their EM field distribution depend strongly on the optical properties and interface morphology of the system. This dependence has been exploited in different optical contexts such as light guiding at the subwavelength scale, [1] [2] [3] optical switching, 4 biochemical sensing, 5 or nanometer resolved far-field optical microscopy. 6 To date SPPs are commonly considered as passive, i.e., insensitive to the magnetic field and just depending on the optical and geometrical properties of the system. In this work we demonstrate the control of SPP excitations in metallic trilayer structures by means of an external magnetic field. We show that the coupling of the magnetic field to the wave vector of the plasmon is greatly enhanced by the ferromagnetic nature of the trilayer structure. This effect was first studied theoretically in semiconductor-based SPPs 7-9 and in metals. 10 The effect of the magnetic field on the properties of the SPP modes depends on the relative orientation of the applied magnetic field with respect to the wave vector of the SPP. In particular, we will show that when the magnetic field is applied perpendicular to the direction of propagation of the SPP and parallel to the interface, it modifies the dispersion relation of the SPP mode in such a way that the dispersion relation depends on the k direction ͓i.e., w͑k͒ w͑−k͔͒. Experimentally this magnetic field induced nonreciprocity has been observed on semiconductor-based SPPs, 11 but not yet in metallic systems. This is due to the high magnetic field needed to observe magnetic field induced effects on metallic based SPPs.
One way to reduce the required external magnetic field is to incorporate ferromagnetic metals. Due to the magnetooptical ͑MO͒ activity that many ferromagnetic materials exhibit at low magnetic fields, surface magnetoplasmon effects could be more easily observable in ferromagnetic metals. However, due to the high values of their absorption losses, the SPP features are significantly broadened, making this approach difficult, if not impractical. A solution to this problem is suggested by multilayer configurations which combine both noble-metal and ferromagnetic layers. 12, 13 In these systems, which consist of sandwiches of Au/ Co/ Au layers, a strong enhancement of the MO properties has been observed and attributed to SPP excitation. The ferromagnetic layer induces MO activity which is not observable in the noblemetal layer alone. These hybrid systems are strong candidates to observe magnetic field induced nonreciprocal effects in metallic-based SPP structures.
We will use these hybrid systems to show that nonreciprocal surface magnetoplasmon effects can also be observed in metallic-based SPPs. This proves that the external magnetic field not only acts on the magnetic counterpart of the structure, but also on the plasmon excitation itself. To do so we have analyzed the transverse Kerr effect in Au/ Co/ Au layered structures as a function of Co thickness and SPP excitation conditions. We show that when the SPP is excited in these structures the external magnetic field induces a modification of the coupling of the incident light with the SPP, leading to a transverse Kerr effect. We show that this modification of the light-SPP coupling reflects a nonreciprocity effect in the SPP propagation, which is induced by the magnetization of the ferromagnetic layer and can be tuned by modifying the thickness of the ferromagnetic layer. The nonreciprocity in the SPP propagation may have important consequences in the design of new plasmonic devices based on nanostructured metallic films, as the magnetization could control the propagation properties and coupling mechanism of the SPP modes.
A series of 6 nm Au/ Co/ 16 nm Au/glass structures were grown by molecular beam epitaxy. The Co thickness was varied between 0 and 9 nm. Complete details of the deposition conditions, and optimization of the structure and morphology of the samples can be found elsewhere. 14 To excite the SPP in these structures we have used a Kretschmann configuration, 15, 16 where the sample is optically interfaced to a half-cylinder glass prism by a matching index fluid, placing the glass substrate in contact with the prism and leaving the Au capping layer in contact with air. The prism is mounted in a goniometer permitting variation of the light incidence angle from a fixed TM polarized HeNe laser ͑632 nm͒. In this way we can excite the SPP of the Au/ Co/ Au/glass structure with a maximum of the EM field at the Au/air interface. Placing the sample at the center of a pair of Helmholtz coils, an external magnetic field is applied in the plane of the sample and perpendicular to the plane of incidence. This is the geometry appropriate to the transverse magneto-optic Kerr effect ͑TMOKE͒. The reflected light is detected by a Si photodiode which has a p-oriented polarizer in front of it. To obtain comparative results without any SPP excitation the TMOKE signal was also measured with the same experimental geometry but without the glass prism. Due to thickness dependence of the out-of-plane vs in-plane anisotropy of the Au/ Co system, the magnetic field needed to saturate the sample in the plane depends on the Co thickness. For the samples with Co thickness less than 2.5 nm we needed a magnetic field of 0.5 T, whereas for higher Co thickness magnetic saturation was achieved at a magnetic field of 0.005 T.
In Fig. 1 we show the angular dependence of the reflectivity in the demagnetized state ͑R pp ͒ and the normalized magnetic field induced variation of the reflectivity, ͓⌬R pp / R pp , where ⌬R pp ͑m y ͒ = R pp ͑+1͒ − R pp ͑−1͒, m y the y component of the normalized magnetization ͑m y = M y / M s ͒ and M s is the magnetization of the Co layer at saturation͔ without ͓Figs. 1͑a͒ and 1͑b͔͒ and with ͓Figs. 1͑c͒ and 1͑d͔͒ SPP excitation for a specific Co thickness of 4.7 nm. The variation of both R pp and ⌬R pp / R pp as a function of the incident angle shows a smooth featureless evolution in the absence of SPP excitation, in contrast with the behavior when the SPP is excited. The latter situation reveals significant structure in both R pp and ⌬R pp / R pp for incident angles in the range of 40°-50°.
Let us first focus on the angular dependence of ⌬R pp / R pp . If the SPP is not excited, ⌬R pp / R pp is due to the modification of the EM field induced by the nondiagonal component of the dielectric tensor of Co ͑standard TMOKE͒, which gives rise to a smooth angular dependence of ⌬R pp / R pp . However, when the SPP is excited, the angular dependence of ⌬R pp / R pp is quite different. In particular, there is a strong increase in the values of ⌬R pp / R pp , for instance, at ϳ43 deg, ⌬R pp / R pp is of the order of 0.5ϫ 10 −3 ͓Fig. 1͑b͔͒ without SPP excitation but reaches 1 ϫ 10 −2 when SPP is excited ͓Fig. 1͑d͔͒. Also, the shape of the curve is similar to the derivative of the reflectivity curve with respect to the incident angle. This suggests that, in addition to the modification of the EM field induced by the nondiagonal component of the dielectric tensor of Co, other mechanisms contribute to the magnetic field induced variation of the reflectivity when the SPP is excited. In fact, a magnetic field applied in the plane of the structure and perpendicular to the SPP propagation direction modifies the SPP wave vector, and this modification indeed plays an important a role in the magnetic field induced variation of the reflectivity, as will be shown.
A simple closed-form expression of the magnetic field dependence of the SPP wave vector for the Au/ Co/ Au trilayer system is not possible, but an accurate representation can be obtained by considering a very thin ferromagnetic film deposited onto a thick noble-metal layer. In this case, the dielectric tensor of the ferromagnetic film is given by
where ⑀ is the dielectric constant of the metallic film and Q is the MO constant. Normally Q is much smaller than ⑀ and, and therefore, the SPP wave vector for the entire air/ ferromagnetic-thin-film/metallic-thick-film structure can be written, up to first order in Q, as
where d is the thickness of the ferromagnetic overlayer, and where we assume it has the same dielectric constant as the thick metallic film; k ʈ 0 is the SPP wave vector of the structure in the absence of MO activity and q 0 =2 / .
We note that the SPP wave vector depends linearly on the y component of the magnetization. Then, in the Kretschmann configuration, the angle where the in-plane wave vector of the incident light matches the wave vector of the SPP of the layers ͑i.e., the reflectivity is minimum͒ will also depend on the y component of the magnetization. Thus, the TMOKE ͑⌬R pp / R pp ͒ is related to the derivative of the reflectivity with respect to the SPP wave vector; in other words to ͑␦R pp / ␦͒͑⌬ / R pp ͒, where ⌬ = min ͑+1͒ − min ͑−1͒ is the angular shift of the reflectivity minimum when the magnetization is reversed, and represents the variation of the SPP wave vector induced by the change in magnetization direction.
To illustrate this behavior, Fig. 2 shows experimental values for both TMOKE ͑circles͒ and ͑␦R pp / ␦͒͑⌬ / R pp ͒ ͑tri-angles͒ as function of incident angle for two samples with different Co thicknesses: ͑a͒ 2.5 and ͑b͒ 7.7 nm. Both curves appear nearly identical; therefore, we conclude that when SPPs are excited the transverse Kerr effect is related to changes in the SPP wave vector. The experimental values of ⌬ used in Figs. 2͑a͒ and 2͑b͒ were obtained from the peakto-peak intensity in ⌬R pp / R pp . This angular shift is presented in Fig. 2͑c͒ for different samples ͑circles͒. Also in the same figure we present the theoretical dependence of ⌬ as a function of the Co layer thickness. The optical and magnetooptical constants used in the calculations were obtained from ellipsometry and polar Kerr measurements carried out on thick Au and Co layers grown under identical conditions. As can be observed, the variations in the SPP wave vector induced by magnetization changes ͑⌬͒ increase with Co thickness ͓see Eq. ͑2͔͒, tuning the magnitude of the nonreciprocity effects in these metallic SPP based structures.
We now focus on the enhancement of the magneto-optical activity when the SPP is excited, and its Co thickness dependence. In Figs. 1͑e͒ and 1͑f͒ we present ⌬R pp / R pp data without and with SPP excitation, respectively, as a function of Co thickness in the range 0 -10 nm. In the absence of SPP excitation we find the expected monotonic increase in MO signal as the Co thickness increases. In contrast, when SPPs are excited, the MO activity exhibits a maximum for an approximate Co thickness of 6 nm. This is a rather counterintuitive result since we should expect a similar behavior as that obtained for the magnetic field induced variation of the SPP wave vector ͓see Fig. 2͑c͔͒ : thicker Co layer would be expected to yield a larger MO activity. However, ⌬R pp / R pp is not only related to ⌬, which increases with the Co thickness, but also to the derivative of the reflectivity with respect to the incident angle. Also, due to the absorption of the Co layer, as we increase the thickness of the Co layer the reflectivity curve broadens and therefore the magnitude of the derivative decreases. In fact, the Co thickness at which ⌬R pp / R pp reaches a maximum is determined by the Co thickness at which R pp reaches a minimum ͑which corresponds to the optimum SPP-light coupling conditions͒. This is better seen in Fig. 3 where we present theoretical contour plots of the optical contribution ͉r pp ͑0͉͒ ͓Fig. 3͑a͔͒, and of the magnetic ͉r pp ͑+1͒ − r pp ͑−1͉͒ contribution ͓Fig. 3͑b͔͒ to ⌬R pp / R pp ͓Fig. 3͑c͔͒:
where r pp ͑m y ͒ is the complex reflection amplitude, which depends linearly on the m y component of the Co layer mag- netization; P and A are phases associated with the nonmagnetic and magnetic parts of the complex reflection amplitude. The sinusoidal term in Eq. ͑3͒ determines a sign factor in the range of angles considered.
As can be seen in Fig. 3͑a͒ , the optical contribution reaches a maximum at 40.65 deg for any Co thickness ͑this angle corresponds to the total internal reflection condition͒, and a minimum appears at 44.11 deg for a Co thickness of ϳ6 nm. Thus the position of the minimum is controlled by the SPP excitation. The purely magnetic part ͓Fig. 3͑b͔͒ exhibits a much stronger incidence angle dependence than Co thickness dependence. It reaches its maximum for an incidence angle of 42.69 deg at a Co thickness of 9.9 nm. Finally, if we consider the TMOKE signal ͓Fig. 3͑c͔͒ we note that it exhibits an extremely sharp dependence on both Co thickness and incidence angle. It reaches maximum value at 44.1°and 6 nm Co thickness. By comparing the three plots, we observe that the leading peak in ⌬R pp / R pp is dominated by the optical part, which depends on optimal SPP excitation, occurring at an angle that depends on the trilayer as a whole and hence on the Co layer thickness.
In summary, we have presented experimental evidence of nonreciprocal magnetic field induced effects in the propagation properties SPP in Au/ Co/ Au based SPPs. This effect is observed at low magnetic fields and depends on the magnetization of the Co layer and can be tuned by varying the Co layer thickness. In such structures we have also observed a strong increase of magnitude of the TMOKE ͑⌬R pp / R pp ͒ when the SPP is excited. It does not have a monotonic increase as we increase the Co thickness, but reaches a maximum very close to the observed value for optimum SPP excitation and then decreases again. The observed effects could be important in surface plasmon spectroscopy applications, where the ability to modulate the SPP reflectivity signal by means of an external magnetic field can lead to greatly enhanced sensitivity. 
